Fimbriae, filamentous fibrils on the surface of bacteria, have been implicated to play a major role in bacterial pathogenesis by serving as both an adhesin for bacterial colonization (18) and as a target for antibody responses which protect the host against infections of these potentially harmful organisms (19, 26) . Porphyromonas (Bacteroides) gingivalis is a black-pigmented gram-negative bacterium which has been implicated as a major causative agent in the pathogenesis of adult periodontal disease (22) . Colonization of the subgingival area has been shown to be initiated by the attachment of P. gingivalis bacteria to host cells and to the preexisting microbial flora (24) . Fimbriae are thought to play a major role in the colonization of P. gingivalis in the periodontal pocket through their affinity for human crevicular epithelial cells (7) , human buccal epithelial cells (8) , and oral gram-positive bacteria (6) . A recent study showed that P. gingivalis fimbriae could also be involved in colonization by promoting coaggregation with Actinomyces viscosus (6) . P. gingivalis cells have also been shown to adhere to erythrocytes (14) , although these results are more controversial. While several studies claim that fimbriae or synthetic peptides derived from their amino acid sequence were responsible for hemagglutination (14, 16) , experiments by Yoshimura et al. (30) and others (3, 8, 12, 17) question the role of purified fimbriae in hemagglutination. Therefore, the functional role of fimbriae and purified fimbrillin in colonization and hemagglutination is still in question.
While fimbriae may play an important role as an adhesin in the pathogenesis of periodontal disease, they may also play * Corresponding author. a major role in the immune response against P. gingivalis. Fimbriae may have been shown to be a major target for antibody responses in patients with advanced periodontal disease (13, 27) . In addition, immunization with purified 42-kDa protein but not 70-kDa protein from P. gingivalis prevents the onset of periodontal disease in hamsters infected with P. gingivalis (5) . These results suggest that fimbriae are an important component of both the infectious capability of P. gingivalis as well as in the efforts of the host to eliminate that infection.
The fimbriae of P. gingivalis 381 have been purified and characterized (29, 30) . Fimbriae from P. gingivalis 381 were found to be single-stranded filaments composed of helical polymers of regularly spaced protein subunits. The constitutive protein, the fimbrillin, has an apparent molecular mass of approximately 42 kDa, as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (30) , consisting of a high content of P-pleated sheets, with very little evidence for extensive posttranslational glycosylation (30) . The gene encoding the fimbrillin molecule from P. gingivalis 381 has now been cloned and sequenced (4) .
This sequence reveals a 347-amino-acid molecule with a predicted molecular mass of 37.6 kDa (4) . Recently, the fimbrial gene was cloned in the bacteriophage T7 polymerase-promoter vector system (28) . Western blot (immunoblot) analysis showed that a 45-kDa protein, presumably corresponding to the fimbrillin, was induced. However, no purification of recombinant fimbrillin (r-fimbrillin) was reported.
The aim of our studies is to characterize the immunologic properties of fimbrillin from P. gingivalis 381. Briefly, 100 ,ug (wet weight) of pelleted cells in the logarithmic phase of cell growth was lysed by suspension in 1 ml of distilled water and then incubated at 95°C for 10 min. Ten milligrams of proteinase K was added to the 1-ml suspension, which was then incubated at 55°C for 30 min. The treated cell suspension was then centrifuged, and the supernatant was used in graded amounts as a template for polymerase chain reaction (PCR).
The primers we used for PCR were constructed on the basis of the published sequence of fimbrillin of Dickinson et al. (4) and are shown in Fig. 1A . Both forward and reverse primers contained 18 to 21 bases corresponding to the 5' and 3' terminal sequences of the desired coding segment. The forward primer incorporated the NdeI restriction site immediately before the coding region since the final three bases of the NdeI site, ATG, code for the initiation methionine residue. Immediately before the NdeI site, a BamHI site was added, which would have allowed for cloning the PCR product into a pUC18 vector for amplification, should that have been necessary. The reverse primer amplifies a PCR product with a TAG stop codon immediately after the coding segments, which is followed by the BamHI site. PCR amplification was performed with 2.5 U of Taq polymerase (Promega), 100 mM each of deoxynucleoside triphosphate (dNTP) (Promega), 500 ng of each primer, and 1 to 10 ,ul of template DNA, in a total volume of 100 ,ul. The reaction cycled 40 times with denaturing, annealing, and extension temperatures of 94, 60, and 72°C, respectively. The cycles were made progressively longer during the amplification procedure, with 20 cycles of 1 min, 10 cycles of 1.5 min, and 10 cycles of 2 min. The PCR product was precipitated and digested with NdeI and BamHI, isolated by using the lowmelting-temperature agarose technique of Seelan and Grossman (21) , and then ligated to the plasmid pETlib ( (25) . The unoccupied sites on the membrane were blocked by incubation for 30 min in 20 mM Tris-0.5 M NaCl (pH 7.4) (TBS) containing 0.5% Tween 20 and 10% fish gelatin. The membrane was then incubated with a rabbit antiserum to fimbrillin diluted 1:500 in TBS containing Tween 20 and 10% fish gelatin for 1 h. The membrane was washed in TBS-Tween 20 and incubated with a goat anti-rabbit immunoglobulin G conjugated to alkaline phosphatase (Zymed Laboratories).
After being washed, the bound antibodies were visualized by the addition of the chromogenic substrate BCIP-NBT (5-bromo-4-chloro-3-indolylphosphate toluidinium-nitroblue tetrazolium). The reaction was stopped by immersing the membrane in distilled water.
Purification of P. gingivalis fimbriae. P. gingivalis fimbriae were prepared by a modification of the procedure described by Yoshimura et al. (30) . Briefly, P. gingivalis 381 cells were harvested by centrifugation at 10,000 x g for 20 min, resuspended in 20 mM Tris-Cl (pH 7.4) containing 10 mM MgCl2 and 0.15 M NaCl, and stirred with a magnetic bar. A supernatant was obtained by centrifugation at 10,000 x g for 15 min. Proteins were precipitated by adding (NH4)2SO4 to achieve 40% saturation and were recovered by centrifugation at 10,000 x g for 25 min. The pellet was resuspended in a minimal volume of 20 mM Tris-Cl (pH 8.0) and dialyzed against the same buffer. The dialyzed sample was subjected to further purification on a DEAE-Sepharose CL-6B column Cell lysis and solubilization of the inclusion bodies. Fifty milliliters of LB-AMP was infected with clone OWO.2 cells and grown overnight. The bacteria were centrifuged and resuspended in 50 ml of fresh LB-AMP (to eliminate the P-lactamase), and this culture was added to 1 liter of media.
The bacteria were grown under agitation at 37°C for 3 h, and then IPTG was added at a final concentration of 0.4 mM. After 4 h of incubation under agitation with IPTG, cells were centrifuged and 3 g (wet weight) of cells was resuspended in 12 ml of lysis buffer consisting of 50 mM Tris (pH 8.0), 1 mM EDTA, and 0.1 M NaCl. Lysozyme was added at 0.2 mg/ml, and cells were incubated for 30 min at room temperature, under agitation. Triton X-100 was then added to 1%, phenylmethylsulfonyl fluoride (PMSF) was added to 0.1 mM, and agitation was continued for a second 30-min period. This resulted in partial lysis of the cells. The sample was frozen overnight and, upon thawing, exhibited significant viscosity indicating complete lysis. DNase I was added to 10 ,ug/ml along with MgCl2 to 10 mM and an additional 0.1 mM PMSF. The lysate was incubated under agitation until it was no longer viscous. The sample was then centrifuged at 5,000 x g for 15 min, and both supernatant and pellet were tested by SDS-PAGE to determine the presence of the r-fimbrillin in the soluble or insoluble material. The insoluble material was then washed with a solution of 100 mM Tris (pH 8.5) containing 1 M urea (freshly prepared) and centrifuged at 5,000 x g for 10 min. The pellet was first resuspended in a minimal volume of buffer containing 50 mM Tris (pH 8.5), 1 mM EDTA, and 100 mM NaCl and then slowly added to a solution of 8 M urea freshly prepared in the same buffer. PMSF was added to 0.1 mM, and this solution was then incubated for 1 (Fig. 2, lanes 2 and 3) , these preparations are heavily contaminated with cellular proteins from E. coli. Cells were first subjected to lysis treatment with lysozyme and Triton X-100 (Fig. 2, lane 3) . After treatment, cell lysates were centrifuged at 5,000 x g, and both the supernatant and pellet were subjected to SDS-PAGE. The results shown in Fig. 3 indicate that the recombinant material was recovered in the insoluble fraction (lane 5) but not in the soluble fraction (lane 4). This indicated that the r-fimbrillin accumulates as insoluble inclusion bodies in the cytoplasm. A procedure for the isolation and solubilization of inclusion bodies was developed so that a maximum of contaminants could be separated from the r-fimbrillin. (Fig. 4B) . The P. ginl fraction obtained by chromatography on DE appeared, after SDS-PAGE, as a major band a doublet of minor proteins at 60 and 58.5 kD 3). When solubilized r-fimbrillin was subjec tography on a DEAE-Sepharose CL-6B colui protein eluted at the predicted point, i.e., wil (30) , but was still contaminated with the 17-kI 4A, lane 6). Interestingly, there was no doub] in preparations of r-fimbrillin obtained frc clone.
Solubilized inclusion bodies were then subjected to separation on the basis of size differences by using continuous-7 elution electrophoresis with a Bio-Rad Prep Cell to obtain pure 42-kDa r-fimbrillin. Two major peaks of protein were recovered. When these two peaks were run on SDS-PAGE, the first peak showed pure 17-kDa protein (data not shown), while the second showed pure 42-kDa protein (Fig. 4A, lane   7 ). Our data indicated that over 100 mg of r-fimbrillin can be recovered from a 1-liter culture of clone OWO.2.
Immunologic characterization of r-fimbrillin from clone OWO.2. Western blot data, shown in Fig. 4B To further study the immunologic properties of r-fimbrillin, we sought to determine whether fimbrillin from P. gingivalis 381 could prime lymph node cells for an antigen-P. gingivalis and specific recall response to r-fimbrillin in vitro or vice versa.
DS-PAGE. After
Therefore, we immunized mice to either fimbrillin from P. nized to P. gingivalis 381 fimbrillin. Conversely, animals immunized with r-fimbrillin exhibited a significant proliferative response to both r-fimbrillin and fimbrillin from P. Fimbrillin molecules are normally expressed ir P. gingivalis and can be obtained either from the of P. gingivalis cultures, from shedding from the cell membrane, or from a rather mild shearing and cell wash of the outer cell membrane of P. gingivalis cells. In contrast, the majority of r-fimbrillin produced byE. coli cells was found in the cytoplasmic fraction and therefore did not appear to be incorporated in the fimbriae of the host E. coli cells. While small amounts of r-fimbrillin could be detected in cell lysates of E. coli cells after solubilization with 1% Triton X-100, most of the recombinant protein remained insoluble. This suggested that the majority of r-fimbrillin produced was found within inclusion bodies (11) Patients with adult periodontitis have elevated serum antibody levels to fimbriae from P. gingivalis (27) , which originate from plasma cells located in the inflamed gingiva of adult periodontitis patients (13) . Interestingly, administration of purified fimbriae from P. gingivalis 381 to BALB/c mice generates a significant antibody response of the immunoglobulin G and A subclasses (15) . In addition, immunization of rats with purified fimbriae from P. gingivalis 381 protected periodontal tissue against destruction mediated by a periodontal P. gingivalis infection in gnotobiotic rats (5) . These results suggest that fimbriae can serve as an important immunologic rejection antigen for P. gingivalis during chronic periodontal disease.
The antigenic relationship of fimbriae with fimbrillin is still under investigation. While several monoclonal antibodies raised against fimbriae have been reported to react to partially and totally denatured fimbrillin (2), suggesting many epitopes in common between fimbriae and fimbrillin, other investigators report that monoclonal antibodies against fimbriae do not react to denatured fimbrillin (8, 10, 27) . In addition, antiserum raised in rabbits to fimbriae from P. gingivalis 381 showed limited cross-reactivity to purified 42-kDa fimbrillin and vice versa (10, 23, 27) , suggesting that some antigenic determinants which exist on fimbriae do not exist on purified denatured fimbrillin. Our results with Yoshimura's rabbit antiserum show that our r-fimbrillin has serologic epitopes similar or identical to those expressed on fimbrillin directly isolated from P. gingivalis 381 cells. In addition, fimbrillin from P. gingivalis 381 and r-fimbrillin show antigenic cross-reactivity at the level of T-cell proliferation as well, in that fimbrillin from P. gingivalis 381 could prime T cells to proliferate to r-fimbrillin, and vice versa, but not to BSA. These results demonstrate that r-fimbrillin is antigenically identical to or very cross-reactive with fimbrillin isolated from P. gingivalis 381 at both the antibody and T-cell responsiveness levels. Therefore, we suggest that r-fimbrillin can now be used to measure the nature of immunogenic determinants in native fimbriae as well as a source of protein for protective immunizations and vaccine development.
We described here a clone of E. coli cells containing the gene for fimbrillin from P. gingivalis 381 in a prokaryotic expression vector which can be induced with IPTG to generate recombinant protein at high quantities. This r-fimbrillin can be purified with relative ease from a complex mixture of proteins in the host expression system. The generation of genetically engineered r-fimbrillin will allow us to study in detail all functional, biochemical, and immunological properties of that major antigen of P. gingivalis.
